The hepatitis delta virus ribozyme is a small, self-cleaving RNA with a compact tertiary structure and buried active site that is important in the life cycle of the virus. The ribozyme's function in nature is to cleave an internal phosphodiester bond and linearize concatemers during rolling circle replication. Crystal structures of the ribozyme have been solved in both pre-cleaved and post-cleaved (product) forms and reveal an intricate network of interactions that conspire to catalyze bond cleavage. In addition, extensive biochemical studies have been performed to work out a mechanism for bond cleavage in which C75 and a magnesium ion catalyze the reaction by general acid-base chemistry. One issue that has remained unclear in this ribozyme and in other ribozymes is the nature of longdistance communication between peripheral regions of the RNA and the buried active site. We performed molecular dynamics simulations on the hepatitis delta virus ribozyme in the product form and assessed communication between a distal structural portion of the ribozyme-the protonated C41 base triple-and the active site containing the critical C75. We varied the ionization state of C41 in both the wild type and a C41 double mutant variant and determined the impact on the active site. In all four cases, effects at the active site observed in the simulations agree with experimental studies on ribozyme activity. Overall, these studies indicate that small functional RNAs have the potential to communicate interactions over long distances and that wild-type RNAs may have evolved ways to prevent such interactions from interfering with catalysis.
Introduction
The hepatitis delta virus (HDV) ribozyme is a small, self-cleaving RNA that participates in the double rolling cycle replication of the HDV. 1 The HDV has an RNA genome and contains closely related genomic and antigenomic ribozymes that self-cleave to process the genomic and antigenomic concatemers into linear monomers. The HDV ribozymes are ∼ 85 nt in length and have closely related complex, double-pseudoknotted structures composed of five pairing regions, P1-P4 and P1.1 (Fig. 1a) . The overall shape of the ribozyme is dictated by two stacks: P1, P1.1, and P4 coaxially stack, as do P2 and P3 (Fig. 1b) . The active site is found at the cleft where the stacking networks intersect. The short P1.1 pairing was discovered only after the first crystal structure of the ribozyme was solved; 2 its catalytic importance was confirmed by compensatory base-pair changes and activity studies. 7 More recently, HDV-like ribozymes have been found in the human transcriptome, 8 and they are prevalent in other forms of life as well. 9 Crystal structures have been solved for various forms of the wild-type (WT) genomic HDV ribozyme, including both post-cleaved (product) 2, 3 and pre-cleaved forms wherein self-cleavage was inhibited by a C75U mutation or omission of Mg 2+ ions. 4, 5 The product structure is consistent with a wealth of biochemical data, while the C75U precleaved structure disagrees with certain key mechanistic experiments. 10, 11 As such, our study is performed on the product form of the ribozyme. Analysis of naturally occurring isolates of the virus reveals that most of the HDV ribozyme sequence is invariant in nature; in agreement, experiments show that mutating much of it leads to loss of function, although the long P4 stem can be truncated with little effect on activity. [12] [13] [14] Indeed, for crystallization purposes, the binding sequence for the U1A protein has been inserted into P4, 3 and we truncate most of it in our calculations.
Of particular importance to the function of the HDV ribozyme are two protonated cytosines, C75 and C41. At the active site is C75, which has been implicated as the general acid in the reaction, donating a proton from its N3 to the 5′-bridging oxygen of G1. 2, 10, 15 C75 also serves a structural role in the ribozyme, as inferred from both its overall contribution to catalysis and its intramolecular interactions in the crystal structure. 2, 16 At a structural site buttressing the active site is C41, which participates in a base triple that is important for ribozyme function (Fig. 2a) . 3, 17, 18 This motif is found in several other viral RNAs as well, 19 making its structural and dynamical roles of general interest. Crystal structures of the genomic HDV ribozyme revealed that C41 of the product and precleaved structures forms a reverse Hoogsteen interaction with G73 that relies on protonation of the N3 of C41 and that C41 also hydrogen bonds to the N6 of A43 through its carbonyl O2 (Fig. S2a) . [2] [3] [4] In addition, G73 interacts with a fourth base, C44, to form a Watson-Crick base pair, which provides a base quartet motif overall. There is another base triple near this region involving G40 interacting with A42 and G74, which interacts with a fourth base, A43 (Fig. 1a) , using the Watson-Crick base-pairing faces of G74 and A43 to give an imino GA base pair. [2] [3] [4] [5] In the crystallography construct, the binding site for the U1A protein (gray nucleotides) was inserted into the P4 pairing. Black dashed box represents the part of P4 truncated in MD simulations. The site of the C44-G73 to U44-A73 DM is indicated. (b) Tertiary structure of the self-cleaved form of the ribozyme from Protein Data Bank ID 1CX0, 3 generated using VMD. 6 Key residues are colored as in (a).
Extensive kinetic, mutagenesis, and Raman spectroscopic experimental studies were done to complement the structural biology. 13, [20] [21] [22] [23] [24] Of particular importance to protonation and coupling between C41 and C75 are kinetics and mutagenesis experiments from the Been laboratory 18 and our laboratory. 11, 17 In these studies, a double mutant (DM) of the ribozyme was examined in which the 44:73 Watson-Crick base pair was mutated from CG to UA. Notably, this change leads to formation of the C41 base triple with neutral rather than protonated C41 (Fig. 2d) . Detailed kinetics studies of DM in the presence and absence of Mg 2+ allowed the pH dependence of C41 triple formation and C75 general acid-base catalysis to be untangled. 11, 17 Of particular importance to the present study, for WT, deprotonation of C41 did not affect the rate, but for DM, protonation of C41 caused loss of selfcleavage. 17 A major question regarding the mechanism of RNA enzymes is how interactions distal from the active site impact catalysis. Since the distance between C41 and C75 is ∼ 15 Å, interaction between these residues is relatively long range. Moreover, the body of well-defined structural biology and extensive experimental data makes this ribozyme ideal for investigating long-distance interactions. In an effort to elucidate the molecular and dynamical basis of the aforementioned experimental observations, we conducted molecular dynamics (MD) studies on product WT and DM HDV ribozyme structures with neutral and protonated C41. Our data are in full agreement with outcomes of experimental studies and provide insight into how Relationship between C41 ionization and HDV ribozyme structure and self-cleavage activity. 'WT' is wild type and 'DM' is the C44-G73 to U44-A73 double mutant. DM allows for WT-like C41 base triple interactions with a neutral C41 [see (d)]. For WT (top panels), upon moving from low pH (a) to high pH (b), kinetic experiments reveal that the ribozyme is still active, 17 denoted with "active." For DM (lower panels), upon moving from high pH (d) to low pH (c), experiments reveal that ribozyme activity is lost, 17 denoted with "inactive." In (a), dotted lines indicate hydrogenbonding interactions from crystal structures, with protonation of C41(N3) inferred from positioning of heteroatoms. 2, 3 Dotted line coloring for C41 base triple hydrogen bonding is used in subsequent figures.
interactions can or cannot communicate over long distances in RNA.
Results and Discussion

Overview
The goal of the present study is to understand if protonation of C41 at a structural base triple communicates to the active site involving protonated C75, over 15 Å away. Our approach was to perform MD simulations of the HDV ribozyme with a WT or DM base quartet, using both C41-protonated "C41
+ " and C41-deprotonated "C41°" states. In all studies, catalytically nonessential residues were deleted from P4 (see Methods). Analyses at several key positions in WT and DM C41 + and C41°ribozymes are presented in this order: C41 base triple, P1.1 pairing, G40 base triple, active site near C75, and reverse GU wobble. Conformational changes among these variants are depicted by overlaying snapshots of equilibrated structures, and fluctuations observed in the MD simulations are depicted by plotting specified distances as a function of time along the trajectories. Relevant thermally averaged distances for various states, as well as distances from the crystal structure, are summarized in Table 1 . Root-mean-square deviations (RMSDs) between thermally averaged structures, as defined below in Methods, of C41 + and C41°states for WT and DM are provided in Table 2 .
MD of C41-protonated WT product
Overview
We begin analysis of HDV ribozyme motions by presenting results from MD trajectories of the C41 + WT product structure. Overall, this structure is fairly stable throughout the trajectories, supporting the inferred protonation of C41 in the crystal structure and the force field developed herein for protonated cytosine. Some minor conformational changes relative to the WT product crystal structure were observed at the active site.
In the C41 + WT product structure, C41 is protonated at the N3 and forms a base triple with A43 and G73, making the following key hydrogen-bonding interactions: C41(N4)-G73(N7), C41(N3)-G73(O6) and C41(O2)-A43(N6) (Fig. 2a) . Note that the crystal structure of the product WT HDV ribozyme was solved at 2.3 Å resolution; hence, hydrogen atoms could not be directly observed in the electron density map. Thus, our present study also probes experimentally inferred protonation of C41.
Since no parameters are present in the AMBER99 force field for protonated bases, we first parameterized the partial charges for protonated cytosine using quantum mechanical calculations according to the prescription for the restrained electrostatic potential (RESP) method (see Methods). These partial charges are provided in the Supplementary Data (Fig. S1 ). The remaining parameters were assumed to be the same as those for the standard cytosine base. The RESP calculations indicate positive partial charges localized on H3, H4s, C4, and N1. The positive charge on H3 of C41 should strengthen hydrogen bonding to G73. The positive partial charge on N1 can be understood in terms of RMSD is between protonated and deprotonated thermally averaged structures. The RMSD for a specific region (e.g., P1.1) was calculated by aligning only the residues listed in column 2.
electron donation from N1 into the ring system to delocalize positive charge from N3.
The C41 base triple To summarize, C41 does not exhibit significant fluctuations or conformational changes during the trajectory. The RMSD † at the C41 base triple between the thermally averaged structure for this trajectory and the crystal structure is just 0.65 Å. Even though excursions of the O2 of C41 are observed in some parts of the trajectories, these excursions are small and return to the native state. We also note that these trajectories are consistent with protonation of C41 providing an anchor to the structural site, thereby providing validation of the force field for protonated cytosine used herein. Fig. 3 . C41 base triple, P1.1 pairing region, and G40 base triple of WT product undergo major rearrangements upon C41 deprotonation. (a-c) Overlays of protonated C41 (blue) and deprotonated C41 (magenta) structural elements (upper panels), along with time evolution of distances between heteroatoms of specified residues (lower panels). Equilibrated structures in the upper panels were obtained from a snapshot after 5 ns of data collection following an extensive equilibration procedure. Overlays were obtained by minimizing RMSD of residues shown (values given in Table 2 ). Continuous lines (upper panels) and dotted lines (lower panels) in the distance plot represent protonated and deprotonated C41 states, respectively. Distances (in angstroms) are between heteroatoms and colored according to the legend. Gold arrows depict key structural rearrangements upon C41 deprotonation. Independent trajectories are provided in Fig. S4 . † Only residues C41, A43, C44, and G73 are considered for this RMSD calculation.
The P1.1 pairing
Above the C41 base triple are the two GC base pairs that comprise P1.1: C21-G39 and C22-G38 (Fig. 1 ). The position of P1.1 for an equilibrated structure and fluctuations along the trajectories are presented in Fig. 3b (continuous lines). Hydrogen bonds between both base pairs are maintained throughout this trajectory. In addition to WatsonCrick base pairing with G38, C22 intermittently forms hydrogen-bonding interactions with the N4 and O2′ of C75 via its phosphate (Fig. 4b , gold continuous line) and N4, respectively, which are described below.
The G40 base triple
In close proximity to the C41 base triple is the G40 base triple, which is composed of G40, A42, and G74. The position of the G40 triple for an equilibrated structure, as well as fluctuations of specified distances along the trajectories, are depicted in Fig. 3c (continuous lines) . In the G40 triple, G40 (N2) forms a hydrogen bond with G74(O6), which is stable throughout the trajectory (Fig. 3c , magenta continuous line). The interaction connecting the G40 base triple to the remainder of the ribozyme, the A43-G74 imino base pair, is also maintained throughout the trajectory (Fig. 3c , cyan continuous line), providing structural support to the G40 base triple motif. Both G40 and A42 are mobile, forming nonnative hydrogen bonds (not shown). In particular, at around 8 ns, A42 pulls out of the base triple such that its N7 is now accessible to the exocyclic amine of G40. Also, A42 is oriented such that its exocyclic amine is within hydrogen-bonding distance of C21(O2′) and C21(O2). The complex hydrogen-bonding network in the G40 base triple is able to absorb the structural rearrangements observed at this region, perhaps preventing its transmission to the active site. Table 2 ). Chosen are key residues important for selfcleavage. Overall, the geometry of the active site is maintained in both the protonated and deprotonated structures. 
The active site near C75
The position of the active site for an equilibrated structure and fluctuations along the trajectories are presented in Fig. 4 (continuous lines). Two key rearrangements relative to the WT product crystal structure occur near the active site: C75 is shifted ∼ 1.3 Å away from the active site (Fig. S3, black  arrow b) , and a reverse GU wobble forms between G25 and U20 (Fig. S3, black arrow a) , which is described in the next subsection. This shift in C75 relative to the crystal structure is maintained throughout the MD trajectories. The exocyclic amine (N4) of C75 makes one of two hydrogenbonding interactions throughout the trajectory, which appear to be mutually exclusive: either to the 2′OH of U20 or to a non-bridging phosphate oxygen (O2P) of C22 (Fig. 4b , red and gold continuous lines, respectively). This alternating hydrogen bonding is consistent with the crystal structure, which was interpreted in terms of one or the other hydrogen bond forming. 2 In addition, proximity of C75(N3) and G1(O5′) ( Table 1) , which is the proposed site of general acid catalysis, was found to be maintained throughout the trajectory at a value of 3.65 ± 0.50 Å, which is close enough for hydrogen bonding at the shorter distances. Also, the scissile phosphate is absent in these trajectories, which may be important for hydrogen bonding in this region.
The reverse GU wobble
The last feature of the C41 + WT MD trajectory to note is formation of a reverse GU wobble between G25 and U20. The positions of U20 and G25 in an equilibrated C41 + WT structure and fluctuations of specified distances along the trajectories are depicted in Fig. 4c (continuous lines) . Note that the hydrogen-bonded reverse wobble is not observed in either product or pre-cleaved crystal structures of the ribozyme (e.g., Figs. S2b and S3, gold structure). 2, 4 During equilibration, the base of U20 shifted by one hydrogen bond register such that strong hydrogen-bonding interactions formed between U20(O4)-G25(N1) and U20(N3)-G25(O6) (Fig. S3, blue structure) . These interactions are maintained at values near, or just below, 3.0 Å and at angles of ∼ 165°throughout all MD trajectories (Fig. 4c, continuous lines) and experience only occasional excursions, consistent with strong hydrogen bonding. Notably, in this reverse wobble, the G of the GU is in the rare syn conformation wherein the base resides over the ribose sugar, which has adopted the rare C2′-endo conformation. This feature was also observed previously in MD simulations of the product form of the ribozyme. 25 The recent solution of a pre-cleaved crystal structure exhibiting this GU reverse wobble with U20(O4)-G25(N1) and U20(N3)-G25(O6) hydrogen-bonding distances of 2.85-3.0 Å suggests that it may be catalytically relevant. 26 
Other regions
In addition to the structural regions discussed above, we monitored several other regions of the ribozyme, including P2 and P3 (see Table 2 ). The RMSD values between C41°and C41 + for these regions are quite small (∼ 1 Å), indicating that protonation of C41 does not perturb the structural helices, as expected. Also, we noticed a solvent Na + ion move into and remain in a negative pocket formed by U20(O2), G25(O6), G25(N7), and the phosphates of C22 and U23 for both WT and DM protonated and deprotonated trajectories.
MD of C41-deprotonated WT product
Overview
Next, MD trajectories of the deprotonated and neutral C41 (C41°) WT structure are discussed. In contrast to similarity of the base triple domain in the equilibrated C41 + WT and crystal structures, substantial rearrangements occur in the base triple of C41°WT upon equilibration. Nonetheless, despite these rearrangements, the active site remains fairly undisturbed. Similar to C41 + WT, a small rearrangement of C75 occurs at the active site, a reverse GU wobble pair forms between G25 and U20, and some conformational changes are observed at the active site involving the C22 backbone upon equilibration.
The C41 base triple
Results of MD trajectories for WT structure in the deprotonated state are presented in Figs. 3 and 4 (dotted lines). Inspection of the time evolutions of the three key hydrogen-bonding contacts in the C41 base triple reveals that the native C41 base triple interactions are lost in the deprotonated state (Table  1 ; Fig. 3a, dotted lines) . Structural changes are anticipated because hydrogen bonding within the triple is interrupted upon deprotonation of C41. Heteroatom distances C41(O2)-A43(N6), C41(N3)-G73(O6), and C41(N4)-G73(N7) all move into the 6-to 14-Å range, much greater than hydrogen-bonding distances. Both C41 and A42 move away from their native position in the crystal structure of the C41 + state such that they are almost perpendicular to the plane of the C44:G73 WC base pair, while this Watson-Crick base pair itself remains intact throughout the simulations.
In sum, C41 and other bases in the region of C41°u ndergo significant conformational changes relative to the WT product crystal structure. The RMSD between the thermally averaged structure for this trajectory and the crystal structure at the C41 base triple is ∼ 2.8 Å versus just ∼ 0.65 Å for the C41 + thermally averaged structure. In addition, the fluctuations within this region are greater for the deprotonated than for the protonated state.
The P1.1 pairing
The position of P1.1 in an equilibrated C41°s tructure, as well as fluctuations of specified distances along the trajectories, are presented in Fig. 3b (dotted lines) . Many interactions in P1.1 formed in the C41 + state are lost, while others are gained (Fig. 3b, compare continuous and dotted  lines) . Several movements specific to the C41°state of WT can be noted. First, the C21-G39 base pair has been altered relative to the crystal structure. Specifically, G39 has moved toward the sugar of C21, forming a G39(N2)-C21(O2′) hydrogen bond (Fig. 3b, magenta dotted line) . Despite its new interactions with G39, C21 does maintain some near-native interactions with G39; in particular, C21 (O2) appears to interact with G39(N1) (not shown) despite the N3 and N4 of C21 having completely lost its native Watson-Crick interaction with G39(N1) and G39(O6), respectively (Fig. 3b , cyan and dark blue dotted lines). The RMSD between the thermally averaged structure for this trajectory and the crystal structure at the P1.1 is ∼ 1.7 Å, and the movement of C21 is the dominant rearrangement in this region (Fig. 3b, right-hand gold arrow) . Overall, the hydrogen-bonding network in the P1.1 area seems to provide for the anchoring of G39, despite loss of certain native interactions with C21, which buffers the rearrangements seen at the G40 base triple (next subsection) and thus prevents significant disruption of the active site.
The G40 base triple
The position of the G40 triple for an equilibrated C41°WT structure and specified distances along the trajectories are depicted in Fig. 3c (dotted lines) . In the G40 triple, the G40(N2)-G74(O6) hydrogen bond is not consistently observed (Fig. 3c , magenta dotted line); this contrasts with C41 + WT, wherein this interaction is maintained throughout the trajectory. Instead, G40 moves upwards and towards C21 (as depicted in Fig. 3b, gold arrow) , occasionally forming a hydrogen-bonding interaction with C21 (O2′) through its N2 (not shown). Rearrangement of A43 causes a twist in the planarity of the A43-G74 interaction and loss of their imino base-pairing interaction (Fig. 3c, red and cyan dotted lines) ; this also contrasts with C41 + WT, wherein this interaction is stable throughout the trajectory (Fig. 3c, red and cyan continuous lines). Also, A42 undergoes substantial rearrangement through an ∼ 70°anti-clockwise rotation (Fig. 3c, gold arrow) . Based on the fluctuations of these distances along the trajectories, the G40 triple is significantly more mobile in C41°WT than in C41 + WT.
The active site near C75
Next, we turn our attention to the active site for C41°WT. The position of the active site for an equilibrated structure and distances along the trajectories are provided in Fig. 4 . Three key rearrangements relative to the C41 + WT product crystal structure are observed in C41°WT involving C75, C22, and U20. First, there is formation of the reverse GU wobble between G25 and U20. Second, C75 moves towards the U20 sugar in the C41°WT, as compared to an ∼ 1.3 Å retraction of C75 observed in the C41 WT. Third, C22 undergoes a twist of its sugar phosphate backbone ( Fig. 4a and Fig. S3 , gold arrow), which causes loss of the C75(N4)-C22(O2P) hydrogen-bonding interaction throughout the MD trajectories (Fig. 4b, gold dotted line) . Thus, the alternating hydrogen bonding of C75(N4) observed in C41 + WT is not present in C41°WT (Fig. 4b , compare continuous and dotted lines). We also note that the average distance between C75(N3) and G1 (O5′), which is the proposed site of general acid catalysis, is increased to ∼ 4.7 ± 0.4 Å in the C41°WT (Table 1 ). In C41°, the carbonyl oxygen of C75 seems to have taken the place of the imino N3, with a C75 (O2)-G1(O5′) distance of ∼ 2.95 Å, which still leaves C75 near the site of catalysis. Again, in the absence of the scissile phosphate, it is difficult to assign any catalytic relevance to this rearrangement. In the WT crystal structure, the C22 phosphate served to anchor the C75 such that the donor and acceptor groups are aligned. The movement of C75 observed in the C41°WT is understandable in light of the rotation of the C22 phosphate observed in the simulations. Overall, these contacts within the active site are largely consistent with maintenance of catalytic activity in the WT C41°state.
The reverse GU wobble
The last feature we note is formation of the reverse GU wobble between G25 and U20. Similar to the C41 + WT simulations, these interactions occur and are maintained at values near or just below 3.0 Å throughout all MD trajectories (Fig. 4c, dotted lines) , suggesting that they are especially stable and could potentially be related to catalysis since both states are catalytically active.
Other regions
We monitored the P2 and P3 pairings, and the RMSD values between the thermally averaged protonated and deprotonated WT product structures are provided in Table 2 . The RMSD values are quite small (∼1 Å), indicating that deprotonation of C41 does not significantly impact these regions.
MD of C41-deprotonated DM product
Overview Next, we consider the C41°DM product state. As mentioned, DM ribozyme is active when C41 is deprotonated but loses activity when protonated (Fig. 2d) ; 17 thus, we begin our discussion of DM with C41°. Overall, the structure of C41°DM is fairly stable throughout the trajectory (Fig. 5a, dotted  lines) , which supports the predicted hydrogenbonding pattern at the C41 base triple. In C41°D M, C41 is deprotonated at the N3 and forms a base triple with A43 and A73, making the following key hydrogen-bonding interactions: C41(N4)-A73(N7), C41(N3)-A73(N6), and C41(O2)-A43(N6) (Fig. 2d) .
The C41 base triple
Figures 5 and 6 present results of MD trajectories for DM product, both in the deprotonated (dotted lines) and protonated (continuous lines) states (protonated results are discussed in the next section). The position of the C41 triple for an equilibrated structure, as well as selected distances along the trajectories, are provided in Fig. 5a . Time evolutions of the three key hydrogen-bonding contacts in the C41°base triple reveal that the base triple is largely maintained in the orientation found in the WT crystal structure (Fig. 5a, dotted lines) . Hydrogen-bonding distances are all approximately 3.0 Å (Table 1 ) and remain relatively constant throughout the trajectory. The RMSD between the thermally averaged structure for this trajectory and the crystal structure (with the DM created in silico) at the C41 base triple is low at just 0.91 Å. Thus, the C41°state does not exhibit significant fluctuations or conformational changes at the C41 base triple during the trajectory.
The P1.1 pairing
Both of the P1.1 base pairs, C21-G39 and C22-G38, are maintained throughout the trajectory (data not shown). Absence of significant fluctuations or conformational changes in P1.1, which is connected to the active site, is consistent with the active site remaining largely intact (see below).
The G40 base triple
The position of the G40 triple for an equilibrated structure and distances along the trajectories are presented in Fig. 5b (dotted lines) . The hydrogen bond between G40(N2) and G74(O6) is stable throughout the trajectory (Fig. 5b, magenta dotted  line) . The two other interactions comprising the G40 Fig. 5 . C41 base triple and G40 base triple of DM product undergo minor rearrangements upon C41 protonation. (a and b) Overlays of protonated C41 (blue) and deprotonated C41 (magenta) structural elements (upper panels), along with time evolution of distances between heteroatoms of specified residues (lower panels). Equilibrated structures were obtained from a snapshot after 5 ns of data collection following an extensive equilibration procedure. Overlays were obtained by minimizing RMSD of residues shown (values given in Table 2 ). Dotted lines (upper panels) and continuous lines (lower panels) in the distance plot represent deprotonated and protonated C41 states, respectively. (Note that the trajectories in DM figures are displayed such that the natively folded C41°triple is the upper panel.) Distances (in angstroms) are between heteroatoms and colored according to the legend. Gold arrows depict key structural rearrangements upon C41 protonation. Independent trajectories are provided in Fig. S6 . triple in the WT product crystal structure-between G40(N3) and A42(N6) and between G40(O2′) and A42(N7)-are not observed during the trajectories (data not shown). However, A42 is held in place by a strong hydrogen-bonding interaction between G40 (N2) and A42(N7) (data not shown). Also, the A43-G74 imino base pair is maintained throughout the trajectories (Fig. 5b, red and cyan dotted lines) , providing structural support to the G40 triple motif.
The active site near C75 and the reverse GU wobble
The active site in an equilibrated structure, as well as selected distances along the trajectories, are depicted in Fig. 6a and b (dotted lines) . Only one key rearrangement relative to the WT product crystal structure occurs near the active site: the reverse GU wobble between G25 and U20 forms, as described for C41 WT. Similar to C41 + WT, the exocyclic amine (N4) of C75 exhibits the hydrogenbonding interaction with the non-bridging phosphate oxygen of C22 through most of the trajectory, with occasional alternating interaction with the 2′ OH of U20 (Fig. 6b, gold and red dotted lines) . Overall, these observations are consistent with maintenance of catalytic activity in the DM C41°s tate.
MD of C41-protonated DM product
Overview
Next, MD trajectories of the C41 + DM product structure are considered. As mentioned above, DM ribozyme is inactive when C41 protonates (Fig. 2c) . 17 Large rearrangements relative to the WT product crystal structure occur in the C41 + base triple domain. Somewhat surprisingly, despite these changes, the P1.1 and G40 regions remain fairly intact. Nonetheless, there are substantial rearrangements of C75 at the active site, which are consistent with loss of activity in this state. 17 The C41 base triple When C41 is protonated in the product DM, distinct and large rearrangements occur in the base triple (Fig. 5a, continuous lines) , as expected on the basis of interrupted hydrogen bonding. Initially, in the first 2 ns, C41 + residue twists in order to avoid the Table 2 ). C24 and A77 are not included in the alignment shown here (last row of Table 2 ). Chosen are key residues important for self-cleavage. Overall, the geometry of the active site is maintained in the deprotonated structure but not in the protonated structure. + is then seen to move upwards such that it is out of plane with A73. The two native base hydrogen-bonding triple interactions between C41 and A73 are not observed (Fig. 5a , red and blue continuous lines).
The P1.1 pairing
Somewhat surprisingly, the P1.1 region undergoes only small rearrangements, which allow the majority of the interactions to be maintained. The P1.1 interactions remain strong (not shown).
The G40 base triple
As mentioned previously, the protonation of C41 causes it to shift upwards. This is transmitted to G40, which loses its planarity with G74, while still maintaining its G40(N2)-G74(O6) interaction (Fig.  5b, magenta dotted line) . A42 appears to be pulled out of the base triple but still contacts G40 through a new A42(N7)-G40(N2) hydrogen-bonding interaction. Also, the exocyclic amine of A42 is found to form two new interactions with the 2′OH and O2 of C21 (not shown). In spite of this, C21 maintains its native Watson-Crick base pairing with G39. The A43-G74 interaction through their Watson-Crick faces are maintained, but A43 undergoes a twist. Again, this could be attributed to the movement of C41 + .
The active site near C75
A number of significant changes due to C41 protonation in the DM are observed at the active site (Fig. 6a, gold arrows) . As observed in previous cases, U20 has moved by one hydrogen-bonding registry, toward C75, to form the reverse GU wobble (Fig. 6a and c) . Also, C24, which is found to be ∼ 4.5 Å from U20(O2′) in the WT product crystal structure, undergoes a very large movement of ∼ 5 Å downward. Notably, C24 is known to be important for self-cleavage activity, as changing it to U abrogates self-cleavage activity. 27 Despite the above changes, some of the active-site structure remains intact in the trajectories. In particular, C75(N4) maintains its hydrogen-bonding interaction with C22(O2P) (Fig. 6b, gold continuous  line) . Also, positionings between the G1(O5′) and the N3 and O2 of C75 are largely maintained at ∼ 3.3 and ∼ 2.7 Å, respectively. Perhaps longer trajectories would show opening of this interaction that drives proton transfer; nonetheless, losses of interactions involving U20 and C24 are consistent with loss of function observed in experiments for C41°DM. 17 In summary, the nature of rearrangements in DM C41 + but not C41°supports loss of key active-site interactions consistent with experiments. 17 Possible contributors to ribozyme activity MD trajectories of WT and DM C41 + and C41°p roduct structures indicated rearrangements of active-site atoms that largely agreed with experiments in which only DM C41 + was inactivated. 17 This effect appears to originate within the C41 base triple itself, wherein the DM C41 + (N3H + ) has a repulsion with the formerly cognate A73(N6). This causes an upward shift of the plane of the C41 + base. Somewhat surprisingly, C41
+ itself is rather stationary, possibly owing to favorable alignment of its partially positive N3 and N1 (Fig. S1 ) and negative atoms in G40. Notably, these rearrangements are absent in WT C41°since a proton is lost rather than gained in the WT upon moving from the native triple.
Protonation of C41 in the DM causes A42 and G40 to pull further out of the G40 base triple (Fig. 5b , gold arrows), making it accessible to the dangling U23. This pulling out is exploited to form U23(N3)-G40(O2′) and U23(O2)-A42(N6) interactions (not shown) perhaps causing C24 to pull out of the active site (Fig. 6a, gold arrows) . We notice in the simulations of WT C41 +,°t hat C24 lends support to C75 by interacting with the other non-bridging phosphate oxygen of C22. The shifting of C24 out of the active site may interfere with the positioning of the phosphate of C22 and hence destabilize C75(N4) and perhaps contribute to loss of activity. Also, movement of C24 could be the cause of the loss of C75(N4) interaction with the 2′OH of U20 by causing a displacement of the G25.
Further, we hypothesize that the degree of rigidity of P1.1 and the G40 base triple plays an important role in regulating activity of the ribozyme. The less rigid P1.1-G40 base triple region in WT C41°a ppears able to absorb motion and thus prevent communication of disruptions at the C41 triple to the active site. In contrast, in the inactive DM C41 + , the P1.1-G40 region is more rigid, which appears to allow communication of the C41 triple disruptions to the active site.
Conclusions
Long-distance communication has been implicated as contributing to catalysis in the mechanism of numerous protein enzymes. 28 Herein, we demonstrate that in a small ribozyme, interactions distal from the active site can affect active-site geometry and thereby potentially impact ribozyme activity. Importantly, outcomes from MD are consistent with activity studies from experiments. The behavior observed in the present study enhances understanding of how distal nonnative interactions communicate to the active site and interfere with RNA catalysis. Future studies are needed to determine whether distal native interactions communicate to the active site and facilitate RNA catalysis. These studies will require careful considerations of the scissile phosphate and upstream nucleotide in catalytic conformations.
Methods
Crystal structure of the product 2,3 form of the HDV ribozyme was used as the starting structure (Protein Data Bank: 1CX0, 2.3 Å resolution). The catalytically dispensable P4 stem was truncated by removing residues 48-69 in the product structure, which reduced the system to 62 nt. DMs were generated by replacing C44-G73 with U44-A73 using Accelrys Discover Studio Visualizer 2.0. Only the functional groups were modified. Hydrogen atoms were added to the entire ribozyme using the GROMACS simulation package version 3.3.1.
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The MD simulations were performed using both the DLProtein 30 and Desmond 31,32 MD packages with the Amber99 force field. 33, 34 Since this force field does not include parameters for cationic residues, we obtained partial atomic charges for base atoms of a protonated cytosine using the RED-II program. 35 First, the Gaussian03 program 36 was used to perform a geometry optimization of protonated cytosine at the HF/6-31G ⁎ level of theory, and the RESP method 37, 38 was subsequently used to fit the atom-centered charges to the molecular electrostatic potential. Resulting partial atomic charges for protonated cytosine are provided in Supplementary Data (Fig. S1 ). The remaining parameters were assumed to be the same as those for the standard cytosine base.
The ribozyme was solvated with ∼ 8300 rigid TIP3P waters 39 in a periodically replicated parallelepiped box extending at least 10 Å beyond the ribozyme on all sides. Nine Mg 2+ ions resolved in the RNA portion of the crystal structure were included, but no additional divalent ions were added. The structure was neutralized with 42 Na + ions for the C41°structures and 41 Na + ions for the C41 + structures, and physiological concentration of free salt (0.1 M NaCl) was added to the solvent. The concentration of free salt was calculated from the box volume. Longrange electrostatic interactions were calculated with the smooth particle mesh Ewald method 40 using a direct space cutoff of 15 Å with DLProtein and 12 Å with Desmond, and SHAKE 41 constraints were applied to bonds involving hydrogen. For the DM, the mutated portion was initially optimized by minimizing the energy with the remaining system fixed. For WT and DM ribozymes, an initial energy minimization of the solvent and ions was conducted with the ribozyme fixed, followed by an energy minimization of the entire system.
For each system studied, a simulated annealing equilibration procedure was performed by propagating 150 ps of MD for an isobaric, isothermal ensemble (NPT) at each temperature sequentially for 0, 100, 200, and 300 K, followed by 5 ns of MD at 300 K for a canonical ensemble (NVT). For each system studied, this equilibration procedure was performed with the DLProtein package for two independent trajectories. These data, which consist of two independent sets of 5 ns trajectories, are provided in the Supporting Information. For each system studied, one trajectory was further extended for 20 ns with the Desmond MD package. First, an additional equilibration of 100 ps with the NPT ensemble and 1 ns with the NVT ensemble at 300 K was performed with Desmond for each trajectory. Subsequently, data were collected at 300 K with the NVT ensemble for 20 ns per trajectory. A Nosé-Hoover thermostat 42, 43 was used to maintain temperature and pressure, and the time step was 1 fs for all MD trajectories.
The equilibrated structures shown in Figs. 3 through 6 were obtained after 5 ns of data collection following an extensive equilibration procedure that also includes 5 ns of MD. During the data collection, snapshots were output every 5 ps, and distance plots were generated with a running average over 50 snapshots. RMSDs were calculated by selecting specific residues using VMD. 6 Thermally averaged structures were obtained by minimizing the RMSD of the heavy atoms with respect to the crystal structure for ∼4000 configurations sampled over the 20-ns MD trajectory using the g_confrms utility in GROMACS and calculating the average coordinates of the atoms. The heavy-atom RMSDs for the entire 20-ns trajectory for the four variants studied are given in the Supporting Information (Fig. S8) .
